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ABSTRACT 
This thesis studies income convergence of 17 OECD countries for the period 
1870-2001. To this end, it adopts the time-varying parameters model and the 
structural time series modeling approaches. Both are estimated by the Kalman filter 
technique. 
In the time-series literature, income convergence has been examined by unit 
root tests. Applying the minimum Lagrange Multiplier unit root tests with the 
presence of up to two structural breaks to the 17 OECD countries individually, we 
are able to find evidence on the long-run convergence for all countries except 
Australia, Italy, New Zealand and the UK. World War II has been identified to be the 
major source of structural breaks in the convergence process. Contrary to the 
findings of the unit root tests, the results obtained from the time-varying parameters 
model reveal that the above-mentioned four countries show signs of convergence 
towards the end of the sample period. However, the estimation results of the 
structural time series model reveal that New Zealand does not show any tendency to 
converge throughout the sample period. Also, the establishment of the OECD is 
found to have little impact on the income convergence dynamics. 
The policy implications of this study are (i) technology diffusion and 
innovation help promote long-run growth, (ii) trade liberalization, physical capital 
investment and education are found to play a prominent role in the convergence 
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One of the most important features of the neoclassical growth model' is that 
given the technology, taste, preferences and institutional structure, the per capita real 
income of the economy will converge to its corresponding steady state due to 
diminishing marginal productivity of capital and it is known as conditional 
convergence. The extensions of neoclassical growth model include Mankiw, Romer 
and Weil (1992) who include human capital into the model; Barro, Mankiw and Sala-
i-Martin (1995) who incorporate an international capital market into the model and 
show a higher rate of income convergence between poor and rich economies; and 
Barro and Sala-i-Martin (2004) that consider the installation cost of capital which 
slows down the speed of convergence of income. There are also models in the 
literature that suggest conditional convergence. Tamura (1991) analyzes human 
capital spillover effect among countries and suggests that countries with below-
average human capital grow faster than above-average human capital countries. 
Barro and Sala-i-Martin (1997) study the effects of technological diffusion on 
economic growth and show that a technologically backward country will grow faster 
‘It includes the work ofSolow (1956), Swan (1956), Cass (1965) and Koopmans (1965). 
- 1 -
than a technologically advanced country due to the lower cost of imitation than 
invention. The growth rate of the follower country will then diminish because of the 
diminishing returns of imitation. Ortigueira and Santos (1997) show that the 
convergence speed of an endogenous growth model with human and physical capital 
depends on technology. These models predict that in the long-run, income across 
countries will converge. 
Despite the enormous amount of studies on income convergence, the 
literature on income growth also shows that income across countries may not 
converge. This is due to the endogenous growth model that does not exhibit 
diminishing productivity of capital in the long-run. This work was primarily 
launched by Romer (1986), Lucas (1988) and Rebelo (1991). They consider a broad 
concept of capital, including both physical and human capital, so productivity might 
not be diminishing. In addition, Romer (1987，1990) and Aghion and Howitt (1992) 
incorporate research and development (R&D) theories into the growth model and 
argue that growth rate can remain positive in the long-run. As a result, countries that 
are initially richer may not grow slower than countries that are relatively poor 
initially. Jones and Manuelli (1990) develop an endogenous growth model with 
diminishing returns to capital and show that government policies such as taxes can 
affect a country's long term growth rates. These models predict that the long-run 
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income growth rate of an economy is dependent on its initial capital level and can be 
influenced by government policies. 
The policy implications of convergence are of paramount interest. For 
countries that are far away from the steady state, policies that induce investment such 
as ensuring sound financial systems and protecting property rights should be in place 
to speed up convergence. For countries with poor technology levels, they should 
encourage trade and improve education levels to facilitate the flow of technologies. 
To achieve sustainable long-term growth, technologically advanced countries should 
focus on promoting innovation like R&D activities. The differences in the long-term 
growth prediction and policy implications in the literature lead to controversies of 
whether or not the convergence hypothesis holds. 
The knowledge of income convergence is also important on the welfare level. 
Income convergence does not only imply that the living standards between countries 
are getting closer, but this also has significant implications on the health level and 
political freedom of an economy. The demand for health is partly determined by the 
income level, as discussed in Strauss and Thomas (1998). Income convergence 
implies that the health expenditure should also converge. On the other hand, Barro 
(1999) suggests that the political freedom of a country is highly related to its income 
level, so the degree of democracy among countries should also converge overtime. 
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The issue of income growth and convergence has also attracted attention from 
various organizations and government institutions, such as the International 
Monetary Fund (IMF), the National Bureau of Economic Research (NBER) and the 
World Bank. The Organization for Economic Co-operation and Development (OECD) 
set up in 1961 (formerly known as the Organization for European Economic Co-
operation which was formed to facilitate the Marshall Plan) is one of the 
organizations that aims to promote the convergence of income among its members .2 
This organization promotes income growth and convergence by providing policy 
recommendations in various sectors like technology, education, investment, trade and 
financial system to improve market efficiency，encourage the accumulation of 
knowledge and boost the diffusion of new technologies. The central idea of the 
OECD is that institutions and regulations play a crucial role in determining the path 
of growth and convergence. Convergence can be achieved and accelerated through 
the sharing of policy experience and identifying an appropriate policy for its 
members. Thus, the decisions made by policy-makers can be material to whether or 
not income convergence takes place and its convergence speed. ^  
Having glanced at the reality, we can see that, in the nineteenth century, real 
income growth rates had accelerated sharply as compared to those of the eighteenth 
2 The information is obtained from Maddison (1989). 
3 See Scarpetta (2003) for thorough discussion on the policy implications on income growth. 
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and earlier centuries. The accelerated growth was especially obvious in the OECD 
countries around the 1870s when the second industrial revolution began to take place. 
The OECD countries used in the thesis include Australia, Austria, Belgium, Canada, 
Denmark, Finland, France, Germany, Italy, Japan, the Netherlands, New Zealand, 
Norway, Sweden, Switzerland, the UK and the US. The mean growth rate of the per 
capita real income of the selected 17 OECD countries is plotted in Figure 1. This 
figure shows that, on average, the growth rates remained positive during the period 
of 1870-1913. This figure also reveals that after a period of prosperous growth, 
income growth fell significantly between 1913 and 1950 when World War I (WWI, 
1914-1918)，the Great Depression (1929-1933) and World War II (WWII, 1939-1945) 
occurred. Nevertheless, these countries recovered in the post-WWII period (1950-
1973) and their growth rates remained positive throughout the second half of the 
century with only a few disturbances such as the breakdown of the Bretton Wood 
exchange rate system in 1971 and the oil crisis in 1973 and 1979-1980, respectively.4 
One of the most interesting phenomena of the per capita income growth pattern in 
the OECD countries is that they show obvious signs of convergence for the period of 
1950-1970. 
Given the contradictory policy implications of income convergence in the 
4 Maddison (1989) provides an extensive study of the world economy performance in the 20"* Century. 
- 5 -
income growth literature on the growth process and welfare issues, it is of interest to 
verify whether income converges in the OECD countries or not. Testing the income 
convergence enables us to examine the validities of different growth theories and 
identify the appropriate policies for economic growth. In addition, this allows us to 
answer the questions like whether or not the per capita income of the OECD 
countries converges in the long-run. If they converge, do they converge to a single 
steady state or different steady states? What are their convergence paths? Is the 
growth path of income before the formation of the OECD substantially different from 
the growth path after the formation of the OECD? Does the formation of the OECD 
have any noticeable effect on the convergence dynamics of its member countries? 
That is, is the policy recommended by the OECD countries effective? These 
questions are particularly useful to policy-makers in planning long-term economic 
policies because convergence implies that poor countries can catch-up with rich 
countries, and thus achieve a higher standard of living and better employment 
opportunities. Convergence also means that the adoption of an appropriate policy can 
speed up convergence but cannot affect the long-run growth rate. Moreover, 
knowledge of the convergence path provides a description of transitional dynamics 
and enables us to formulate forecasts like how long an economy will take to 
eliminate any exogenous shocks and how an economy will respond to shocks. These 
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questions constitute the motivation of the thesis. 
1.2 Objectives 
The purposes of this thesis are to study 1) Whether or not income converges 
across 17 OECD countries for the period of 1870-2001 and 2) If they do converge, 
what is their convergence dynamics, that is, how do they converge? The use of the 
sample period of 1870-2001 is due to Maddison (2003) who conducts an extensive 
research on historical welfare statistics. It provides reliable data for a wide range of 
countries from 1870 to 2001. The advantage of using data from 1870 is that they 
contain richer information for these economies in the long-run process and allow us 
to examine whether or not these economies converge after major events like 
industrialization, WWI, the Great Depression, WWII and oil crises. In addition, the 
data enable us to examine the effect of joining the OECD by comparing these 
countries income growth pattern before and after joining the organization. There are 
two reasons for the sample choice of the 17 OECD countries. Firstly, the data of the 
sample choice have a longer time span. Secondly, the data are more reliable. 
In the literature, most of the empirical studies are based on the neoclassical 
growth model and its extensions. The most representative cross-section empirical 
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study of conditional convergence is by Barro and Sala-i-Martin (1992) who find 
support of convergence among the US regions. However, cross-sectional studies 
have been open to criticism due to various reasons. For example, Evans (1996) 
shows that the conventional cross-section approach is appropriate only when one can 
completely control for the differences in country-specific characteristics. As a result, 
the literature on convergence empirics adopts the time-series technique in studying 
income convergence. Bernard and Durlauf (1991) study income convergence using 
the cointegration test. Carlino and Mills (1993) propose the concept of stochastic 
convergence, in which shocks to the income of country ‘‘/’’ relative to its average 
income will be temporary. Nevertheless, the results in the time series literature are 
still unclear. It is attributable to the well-known fact that the univariate unit root test 
has low power. The power of the test significantly decreases if the series exhibits 
structural breaks. In addition, Hall, Robertson and Wickens (1992) note that 
cointegration analysis and unit root test will almost reject convergence for the entire 
sample period if large parts of the sample are in the process of convergence, as these 
tests require structural stability, which is an inappropriate assumption if an economy 
is converging. Another criticism for the conventional time-series test is that studies 
focus only on whether income converges in the long-run, but they do not address the 
issue of whether an economy is in the process of convergence, what the convergence 
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path is, and how it converges.5 
Taking these problems into consideration, the thesis first shows the cross-
section dispersion of per capita real income across time as preliminary evidence of 
convergence. It then tests the stochastic convergence of 17 OECD countries from 
1870 to 2001 based on the minimum Lagrange multiplier (LM) unit root test with the 
maximum of two endogenous structural breaks introduced by Lee and Strazicich 
(2003) and Strazicich, Lee and Day (2004). Because numerous events such as WWI 
and WWII that can have a tremendous impact on an economy occurred during the 
sample period, the power of the univariate unit root test can be increased by allowing 
for structural breaks of data with such a long time span. After giving evidence on 
stochastic convergence, it examines the convergence dynamics of individual 
countries to the whole group using the time-varying parameters model proposed by 
Hall, Robertson and Wickens (1992). This model allows us to know whether the 
series is diverging, have just converged or are still converging. After that, it provides 
stylized facts of the long-term convergence path based on the structural time series 
model (STM) of Carvalho and Harvey (2005). This model allows us to examine the 
convergence path without the interference of cyclical movement. 
This thesis differs from previous studies in several aspects. First, the thesis 
5 Comparison of cointegration and unit root test results in the literature is provided in Chapter two. 
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uses data for a longer time span from 1870 to 2001. Using long period observations 
can increase the power of the univariate unit root test. Second, it provides time series 
evidence on convergence based on the univariate two-break LM unit root test of 
Strazicich, Lee and Day (2004) and the time-varying parameters model of Hall, 
Robertson and Wickens (1992) before extracting a convergence component. Third, 
while different from conventional studies on convergence only provide evidence for 
or against convergence, this thesis considers the dynamic process of convergence and 
provides an indication of the long-run convergence path. 
This thesis provides evidence on the growth models such as Tamura (1991) 
and Barro and Sala-i-Martin (1997) with convergence implications. The unit root 
tests of stochastic convergence find evidence of the long-run convergence for all 
countries except Australia, Italy, New Zealand and the UK. These tests also show that 
WWII is the major source of structural break. On the contrary, the estimation results 
of the time-varying parameters model reveal that Australia, Italy, New Zealand and 
the UK show signs of convergence towards the end of the sample period. These 
results also show that most of the countries are close to their steady state levels. 
Lastly, the estimation results of the STM suggest that New Zealand shows no 
tendency to converge. These results also find that the establishment of the OECD has 
little impact on the income convergence dynamics of the 17 OECD countries. The 
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policy implications are that the OECD countries should focus on policies that 
enhance technology innovation and spillover to maintain long-run growth. On the 
other hand, government policies cannot affect the growth rate of an economy 
permanently. Education, investment, trade and political stability are important for 
convergence to take place. 
The organization of the thesis is as follows. Chapter two reviews the literature 
of the empirical study on income convergence. Chapter three outlines the data 
sources. Chapters four and five discuss the time series approaches and estimation 




This chapter outlines the existing theoretical and empirical literature on 
income growth and convergence. It also discusses the merits and defects of the 
empirical methods adopted by the growth literature. 
In the mid-80s, the apparent trend of convergence of per capita income levels 
in the industrialized market economies has led to the reemergence of research interest 
in the growth theory. Substantial empirical research using cross-section, time series 
and panel approaches have been developed. The theoretical foundation of income 
growth convergence mainly comes from the neoclassical growth model of Solow 
(1956). 6 The Solow model is based on the neoclassical assumptions, such as 
perfection competition, maximizing behavior of firm, perfect information and 
diminishing marginal productivity of capital. The main feature of the model is that as 
capital per worker increases, the marginal productivity of capital decreases. As a 
result, the capital-labor ratio approaches to a constant and growth ceases. In the 
steady state, total output, capital stock and labor force all grow at the same 
exogenously determined rate. In other words, the model predicts that if economies 
6 Other famous but less influential neoclassical growth models include those by Ramsey (1928), Swan 
(1956), Cass (1965) and Koopmans (1965). 
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are similar in structure such as in preferences and technology, these economies will 
"converge absolutely" to the same per capita real income in the long-run. This 
prediction is largely due to the diminishing marginal return of capital. The 
convergence implies that poor economies grow faster than rich ones and so per capita 
growth rate tends to be inversely related to the initial level of per capita income in 
order to catch up. On the other hand, for countries with heterogeneous characteristics, 
the Solow model predicts that per capita income will converge to their own steady 
states, which is known as conditional convergence. 
In cross-section literature, there are two concepts of convergence introduced 
by Barro and Sala-i-Martin (1991). The first one is p -convergence. When cross-
section growth rates are regressed on initial levels, it exhibits P -convergence if the 
coefficient on initial levels is negative, this is known as absolute convergence, p -
convergence implies conditional convergence (which is known as conditional p -
convergence) if the coefficient on initial levels is negative after controlling for steady 
state variables. The other concept is a -convergence, meaning the dispersion of 
cross-section levels diminishes over time. The dispersion is usually measured by the 
standard deviation among countries. However, it does not mean that a single country 
will converge to its steady state. It only shows the cross-section behavior among 
countries. <t -convergence is less considered in the literature. 
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Cross-section empirical studies provide a consistent result. Baumol (1986) 
relates growth with productivity and finds convergence among 16 industrialized 
market economies from 1870 tol979. Dowrick and Nguyen (1989) test for the catch-
up of productivity among 24 OECD countries in the post-WWII period and suggest 
that a systematic process of catching up in levels of total factor productivity (TFP) 
has occurred. Barro (1991) shows that the growth rate of per capita real GDP is 
positively related to initial human capital and inversely related to the initial level of 
per capita real GDP of 98 countries in the period of 1960-1985. Barro and Sala-i-
Martin (1991, 1992) develop an empirical model to examine growth across 48 US 
states from 1840 to 1988 and 98 worldwide countries from 1960 to 1985. They find 
general support for conditional convergence. Mankiw, Romer and Weil (1992) test 
conditional convergence by incorporating human capital into the growth model and 
they show evidence in favor of conditional convergence for 98 countries in the 
period of 1960-1985. Sala-i-Martin (1996) includes data of 48 U.S. states, 47 
Japanese prefectures and regions within several European countries from 1950 to 
1990. He finds strong evidence of cr -convergence and absolute [3 -convergence. 
Most of the findings display a slow speed of convergence with a 2% annual rate. 
There are several problems associated with cross-sectional studies. Firstly, 
Bernard and Durlauf (1995) suggest that it is possible for a group of countries to be 
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diverging but they still show a negative correlation between initial income and 
growth rate. This view is consistent with that of Friedman (1992) who notes that this 
is a regression fallacy. Quah (1996) notes that [3 -convergence may not necessarily 
result in cr -convergence because of random disturbance. Secondly, Bernard and 
Durlauf (1995) also mention that the cross-section analysis only examines the null 
hypothesis that no countries are converging against the alternative hypothesis that all 
countries are converging, with no conclusion about the intermediate case. Thirdly, 
Cook (2002) raises the potential problem that the correlation between long-term 
technology level and initial productivity leads to an inconsistent estimation due to the 
correlation between unobserved residuals and the right hand side variable. More 
importantly, Evans (1996) shows that the conventional cross-section approach is 
valid only if i) heterogeneous characteristics among countries can be completely 
controlled for, ii) per-capita real income of all countries are first-order autoregression, 
and Hi) the errors of per-capita real income of all countries are contemporaneously 
uncorrelated with each other. He concludes that the conventional cross-sectional 
approach is invalid. 
Owing to the problems present in cross-sectional studies, together with the 
possible existence of random, but potentially permanent, shocks to per-capita real 
income, empirical studies of income convergence has extended to the time series 
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literature. 
Several concepts of convergence have been proposed in the time series 
literature. The one most widely referred to is the stochastic convergence suggested 
by Carlino and Mills (1993) who study eight regions of the US from 1929 to 1990. 
They define stochastic convergence as shocks to the log of the ratio of per capita real 
income of a particular region relative to that of the nation is temporary and can be 
tested with the concept of unit root test. Bernard and Durlauf (1995) who study 15 
OECD countries in the period of 1900-1987 propose another concept. They define 
time series convergence (named by Li and Papell (1999)) as the long-run forecast of 
output differences among countries tends to zero as the forecasting horizon tends to 
infinity. In other words, it means the outputs between two countries are cointegrated 
with the cointegrating vector [1，-1] and they share the same stochastic and 
deterministic trend. If they are cointegrated with the cointegrating vector [1, - a ] , 
then there are common trends in the output. Thus, cointegration is a necessary, 
though not sufficient condition for convergence. In addition to the two concepts of 
convergence, Li and Papell (1999), who study 16 OECD countries from 1900-1987, 
propose the concept of deterministic convergence which is defined as the log of the 
ratio of per capita income of an individual country relative to that of the group 
average among countries is level stationary. It implies that the deterministic and 
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stochastic trend of individual series can be eliminated by the average of all series. 
Compared with the cross-section literature, the results in the time series 
literature of convergence are less clear. Bernard and Durlauf (1991) test convergence 
using the notions of unit roots and cointegration from Engle and Granger (1987) in 
bivariate and multivariate cases. They show no convergence across 15 leading 
industrialized countries from 1900 to 1987. Carlino and Mills (1993) apply the test of 
stochastic convergence to test per-capita income convergence among eight US 
regions for the period of 1929-1990. The test also considers the case of existence of 
one exogenous break in time trend and the intercept. They conclude that only three of 
the US regions converge stochastically if the break is considered. Loewy and Papell 
(1996) generalize the work of Carlino and Mills (1993) by allowing endogenous 
breaks and find stochastic convergence in seven US regions. Bernard and Durlauf 
(1995) test the time series convergence of 15 OECD countries to mean using the 
cointegration technique of Johansen (1988) for the period 1900-1987. They find little 
evidence for convergence but substantial support for the presence of a common trend. 
Evans (1996) tests growth theories by checking whether or not cross-sectional 
variances across time has unit root. He shows that convergence to a common path 
can be found among 13 OECD countries from 1870-1989. This approach is 
analogous to cr -convergence in the cross-section literature. 
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Univariate unit root tests such as the Dickey Fuller (DF)-type used by Carlino 
and Mills (1993) and Loewy and Papell (1996) are known to be of low power. Li and 
Papell (1999) apply the unit root test with one endogenous break to 16 OECD 
countries using data for a longer time span, from 1900 to 1989. They are able to find 
stochastic convergence on 14 OECD countries and deterministic convergence on 10 
OECD countries. They also discover that the major cause of the structural shift in 
relative output is WWII. Strazicich, Lee and Day (2004) provide a time series 
evidence on stochastic convergence for 15 OECD countries from 1870-1994 and the 
test is based on minimum LM unit root test with two endogenous structural breaks. 
They provide evidence on income convergence for 10 out of the 15 OECD countries. 
Dawson and Strazicich (2006) enhance the work of Day, Lee and Strazicich (2004) to 
29 countries for the period of 1900-2001 and find significant evidence on stochastic 
convergence. On the other hand, the literature also enhances the time series model to 
the panel model. Evans (1998) develops a panel model to test the parallel balanced 
growth path among 13 OECD countries over the period of 1870-1989 and 54 
countries from 1950 to 1990. He shows that rich countries with a well-educated 
population have a balanced growth path. However, no evidence on the balanced 
growth path can be found in countries with a poorly educated population. Fleissig 
and Strauss (2001) apply the panel unit root tests of Abuaf and Jorian (1990), Im et al. 
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(1996) and Maddala and Wu (1997) to test stochastic convergence among 15 OECD 
countries over the period of 1900-1987. They give evidence on stochastic 
convergence in the post-WWII period but not the entire period of 1900-1987. 
Evidence on convergence from these papers is mixed. 
Notwithstanding the numerous tests proposed in the literature, there are 
constraints and defects in doing time series analysis. The method of Johansen (1988) 
used by Bernard and Durlauf (1995) may be hindered by the parameters constraint 
and so they cannot consider a large group of countries. Cook (2002) also argues that 
the result from the use of high frequency data may be corrupted by higher-frequency 
phenomena such as business cycles. As indicated in Harvey and Carvalho (2002), 
conventional unit root tests only allow to test for stability, for example, if initial 
conditions are negligible, then convergence implies that the difference between the 
series is stationary. However, these tests do not address the issue of the dynamic 
process of convergence. Typically, the data often show patterns that are converging, 
have just converged or have converged, as a result, a large part of the series may 
depend on its initial conditions and so initial conditions are material. This 
convergence path makes the series unlikely to be stationary and fails to reject 
cointegration. Hall, Robertson and Wickens (1992) also note that structural changes 
occur frequently in the convergence process. Thus, traditional unit root tests and 
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cointegration test which assume structural stability may not be meaningful. Most 
importantly, Carvalho and Harvey (2005) criticize the approach of testing stability 
provides only evidence of overall convergence but does not give any idea of the path 
of convergence, whether convergence takes place and the time it takes to eliminate 
deviations. 
Hall, Robertson and Wickens (1992) propose a time-varying parameters 
model that can be estimated by the Kalman filter to examine the issue of convergence. 
They adopt this model to examine the convergence dynamics of interest rate and 
exchange rate in European Community (EC) member countries in the period of 
1970-1991. Button and Pentecost (1993) use the time-varying parameters model to 
study the convergence of the service sector in the UK's region from 1978 to 1993. 
Greasley and Oxley (1998) use the time-varying parameters model to study the 
convergence dynamics of industrial production and per capita income between the 
UK and the US. Datta (2003) studies the income convergence of 15 OECD countries 
in the period of 1950-1998 by using the time-varying parameters model to test for 
cointegration. Alternatively, the literature broadens the study of income convergence 
by using the STM pioneered by Harvey and Carvalho (2002). They develop models 
for converging economies using the Unobserved Component (UC) model. The main 
aim of the model is to extract the convergence path across economies. Because the 
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convergence path is likely to be corrupted by higher-frequency phenomena such as 
business cycles, the model decomposes the series into trend, cycle and convergence 
components. This model separates the short-term cyclical movement from the 
convergence component, thus providing a clear view of the convergence path. The 
estimation is facilitated by putting the model into the State Space Form and using the 
Kalman Filter. Carvalho and Harvey (2005) apply this model to data on real per 
capita income in eight US regions for the period 1950-1999 and examine the 




This Chapter provides the principal data source and a general description of the 
data pattern. 
To test for income convergence, Maddison's (2003) data on annual per capital 
real GDP (1990 international Geary-Khamis dollars) over the period of 1870-2001 
are used in the thesis. The 17 OECD countries include Australia, Austria, Belgium, 
Canada, Denmark, Finland, France, Germany, Italy, Japan, the Netherlands, New 
Zealand, Norway, Sweden, Switzerland, the UK and the US. The data have been 
adjusted for international average prices in commodities and purchasing power parity 
in currencies? 
Before testing convergence formally, it is necessary to plot the data for a better 
understanding of its features. Figure 2 plots the level of per capita real GDP of the 17 
OECD countries. The level series show a pattern of strong growth after WWII and 
signs of convergence for several European countries and Japan. On the other hand, 
Figure 2 shows that there are significant fluctuations of per capita real GDP during 
the period of 1913-1950 and the volatilities decrease afterwards. This observation 
‘ S e e Maddison (2003) on data collection and adjustment. 
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might indicate that most of the countries experienced structural changes during WWI, 
the Great Depression and WWII. Visual inspection indicates that a structural break 
might have occurred during WWI for all of the countries except for Italy, Japan and 
the Netherlands. This figure also suggests that all of the countries except Finland, 
New Zealand and Sweden might have experienced a structural break in WWII. 
To examine income convergence, the per capita real GDP of each country 
relative to the average income across all countries are plotted to give a clear view on 
convergence. Figure 3 gives the log of the ratio of per capita real GDP of all 
countries relative to the group average. Visual inspection indicates that Australia, 
Belgium, Finland, Italy, Japan, New Zealand, Norway and the UK have a significant 
initial difference from the mean of all countries. Throughout the sample period, they 
show a persistent movement towards the mean level and then remain constant with 
subtle variation at the end of the sample period. This figure indicates that a large part 
of the sample of these countries is in the process of convergence. For other countries 
such as Austria, Canada, Denmark, France, Germany and the Netherlands, they show 
a constant deviation from the mean with significant shocks during the sample period 
indicating that they converge to the mean level with structural breaks. Sweden, 
Switzerland and the US have a large positive deviation from the mean during the 
World War II period and then show a tendency to move towards the mean level 
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afterwards. This figure also suggests that they converge to the mean level and 
displays an obvious pattern of convergence after WWII. However, we cannot detect 
any noticeable effect of the establishment of OECD on convergence. The speeds of 
convergence are generally the same or even slower after the founding of OECD in 
1961. Figure 3 further shows that there are abnormal abruptions in all of the series 
during the period of 1913-1950. From this visual perspective, two structural breaks 
may have occurred around WWI and WWII for all countries. This reinforces the 
need to consider structural breaks in testing convergence. 
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CHAPTER FOUR 
METHODOLOGY 
This chapter discusses the econometric techniques that are used to study 
income convergence of the 17 OECD countries in the thesis. To perform the 
empirical tests for convergence, we employ four time-series approaches. First, the 
coefficient of variation is used to provide preliminary evidence on income 
convergence for the whole group. Second, the LM unit root tests are considered to 
test stochastic convergence of per capita income. Third, the time-varying parameters 
model is employed to determine whether or not a country is in the process of 
convergence. This model also helps to visualize the dynamics of each individual 
country in the convergence process. Fourth, the long-run convergence path of each 
country and its corresponding rate of convergence are estimated using the STM. We 
discuss each method in the following sub-sections. 
4.1 Cross-Section Dispersion of Per Capita Real Income 
The approach of using the notion of p -convergence to study income 
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convergence in the cross-section growth literature has been open to criticism. ^ 
Friedman (1992) notes that this test does not necessarily study convergence and he 
refers this problem as the regression fallacy. In addition, Barro and Sala-i-Martin 
(2004) mention that f3 -convergence is a necessary but not sufficient condition for 
convergence. They show that P -convergence tends to reduce the income dispersion 
across countries, but this reduction in dispersion may be offseted by new 
disturbances that may increase dispersion. To rectify the problem, Friedman (1992) 
proposes a measure for convergence using the coefficient of variation. It is first 
suggested by Hotelling (1933). He stated that 
The real test o f a tendency to convergence would be in showing a 
consistent diminution o f variance, not among means o f groups, but 
among individual enterprises. (Hotelling 1933，p. 4 6 4 ) 
The rationale behind this test is that the income differential among countries 
must diminish if the income across countries is converging. This implies that the 
income dispersions become smaller over time. ^ As a result, the coefficient of 
variation also decreases over time. This measure can provide evidence on whether 
income is converging in the whole sample countries group and is sometimes known 




8 Please refer to Chapter 2 of the thesis for details. 
9 Friedman (1992) notes that the test assumes constant measurement error over time in order to be 
valid. 
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where a , and y^  are the per capita real GDP of country cross-sectional sample 
standard deviation of per capita real GDP of all countries and the average of per 
capita real GDP of all countries at time t, respectively. 
There are several limitations in the coefficient of variation. Although this 
measure tells us the cross-section dispersion of the whole group over time, it does not 
provide any information on the issue of convergence of individual country. For 
example, although the decline in coefficient of variation unambiguously implies 
diminution of the cross-countries dispersion, it is possible that most of the countries 
are converging but a few of them are diverging. In addition, we cannot conclude 
anything if the coefficient of variation is constant over time. This problem is 
highlighted by Quah (1996). He shows that constant coefficient of variation can be 
resulted from two cases. 1) Countries have constant differences from each other over 
time. 2) Rich countries move to the position of poor countries and poor countries 
move to the position of rich countries. The latter case clearly violates the notion of 
convergence. To examine whether an individual country converges in the long-run, 
the notion of stochastic convergence is introduced in the following section. 
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4.2 Stochastic Convergence of the 17 OECD Countries 
As noted above, the coefficient of variation can provide information on the 
distribution of the sample countries as a whole but it conveys little information on 
the convergence of an individual country. So the coefficient of variation should be 
regarded as a preliminary evidence on convergence. The deficiency of this test urges 
the need for an alternative measure on the convergence of an individual country. To 
examine the long-run convergence of each of the 17 OECD countries, this study uses 
the concept of stochastic convergence proposed by Carlino and Mills (1993). 
Stochastic convergence suggests that shocks to income of country "z" relative to the 
average is temporary. Unit root tests are applied to investigate whether the log of the 
ratio of per capita income of country "/" relative to the average defined in the 
following has a unit root: 
尺=ln喊)， （4.2) 
where and 歹，are the per capita real GDP of country “i" at time t and the sample 
average of all 17 OECD countries at time t, respectively. 
Since the sample period under study is long, it is likely that the series may have 
structural changes or outliers during the periods of WWI, the Great Depression, 
WWII and oil crises as shown in Figure 3. As indicated in Perron (1989), structural 
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changes can greatly reduce the power of unit root tests and cannot reject the unit-root 
null when in fact there is none. 
In this study, the minimum LM unit root test with a maximum of two 
endogenous structural breaks in the intercept and slope introduced by Lee and 
Strazicich (2003) is employed to test the unit root in the log relative income in 
Equation (4.2). The two-break LM model has been called Model C by the authors. 
Two advantages of using the LM tests have been observed in the literature. Firstly, 
Lee and Strazicich (2003) show that the rejection of the unit-root null by the LM-
type tests in the presence of structural breaks unambiguously imply trend stationary. 
Secondly, Amsler and Lee (1995) show that the asymptotic distribution of the LM 
test statistic allowing for an exogenous break is the same as that of Schmidt and 
Phillips (1992, SP hereafter) with no breaks. This is the invariance property of the 
LM test. This feature implies that we can conduct one-break LM tests using the 
critical values of no-break LM tests. The invariance property is also found in the 
two-break case by Lee and Strazicich (2003). Thus, it would suggest the no-break 
critical values of the SP test can be used. However, finite-sample critical values of 
the LM tests with no breaks are found to be more negative than those for the SP test 
according to the simulation results of Lee and Strazicich (2003), indicating the SP 
critical values are not valid for use in finite samples. Using simulated finite-sample 
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critical values with no breaks, the LM tests are slightly under-sized. 
To conduct the LM unit root tests, the approach of Strazicich, Lee and Day 
(2004) is considered. We first apply the two-break minimum LM unit root test 
proposed by Lee and Strazicich (2003) to each series defined in Equation (4.2). The 
null hypothesis of unit root is tested by obtaining the test statistic of 炉,=0 from the 
following regression: 
^ y " = c'AQ, + 灼歹,•,,_�+ X h^AY^l, + e,， （4.3) 
/=i 
where A is the difference operator; Q., is a vector of exogenous variables in the 
form of ； J " is a de-trended series computed as 
歹 ” = - ( p i e - Q "式 for t = 2,...,r ； and e“ has an independent and identical normal 
distribution with mean zero and variance .. Moreover, D“j, =1 for t > 7]圾 +1， 
j = 1,2 and zero otherwise; DT. j, = t - 7],均 for t > T. ^ j +1 , j = 1,2 and zero 
otherwise; and T^  ^j is the location of time period of the breaks for country “/，，. So 
is described by [lA,,，5,’2,，A’i,’ A . J，w h e r e 5,,, =1 f o " = 7；,均+1，7 = 1,2 
and zero otherwise. Furthermore, = Y.^ -Q.^d^ for country “i”’ where yjf and 
are the first observation of Y.f and , respectively; and J. is a vector of 
coefficients in the regression of A y / on AQ„ for country “i”. Finally, the terms 
Ay二, for I = 1,2,...,^ are included to adjust for serial correlation. The null of unit 
root is expressed as = 0 in Equation (4.3). To determine the location of the two 
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breaks endogenously, the two-break minimum LM unit root test uses a grid search 
method that chooses the most negative t-statistics of 灼= 0 among all combinations 
of break fractions. Strazicich, Lee and Day (2004) suggest that if any one of the two 
identified breaks in Equation (4.3) is insignificant at the 10% level of significance,'® 
then the one-break minimum LM unit root test developed by Lee and Strazicich 
(2004) is applied. Subsequently, if the break identified in the one-break LM unit root 
test is insignificant, then the no-break LM unit root test suggested by SP is used. 
Although the unit root tests provide a consistent framework to study the long-
run convergence, this approach is subject to deficiencies that have been observed in 
the literature. Bernard and Durlauf (1995) point out that the unit root tests are 
appropriate only when the economy is at its steady state as the unit root tests require 
stability of the time series distribution. Harvey and Carvalho (2002) also note that 
unit root tests are ineffective in examining convergence if a large part of the series is 
in the process of convergence.'' Moreover, these tests only give evidence on whether 
a country converges in the long run but they are not able to distinguish whether 
income has converged or is still converging. Also, the unit root tests do not provide 
information on the relationship between individual countries to the whole group and 
the convergence dynamics of each country. To provide more insight into the income 
A structural break is insignificant if the breaks in level and trend are both insignificant at the 10% 
level. 
‘‘See Chapter two of the thesis for a thorough discussion of the issue. 
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convergence, the time-varying parameters model is employed to study convergence. 
4.3 Time-Varying Parameters Model on Convergence 
The time-varying parameters model is an econometric model that allows the 
structural coefficients to change over time. This model provides an effective way of 
examining whether there is a structural change in the model as well as how the 
relationship of the variables changes over a particular event. This model also 
facilitates the study of convergence. As noted in Hall, Robertson and Wickens (1992)， 
structural changes occur frequently when the series is in the process of convergence. 
For example, changes in saving behavior and employment structure when an 
economy is growing. These changes are not exogenous in the process of convergence 
and hence results in instability in the time series distribution. The use of 
cointegration analysis and unit root test to assess convergence will almost reject 
convergence for the entire sample period if large parts of the sample are in the 
process of convergence, as they require structural stability. This problem becomes 
more important if the process of convergence is slow. To deal with this problem, Hall, 
Robertson and Wickens (1992) propose a time-varying parameters model to test 
convergence. This model considers structural change by allowing the structural 
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parameters to move over time. In addition, this model also reveals the relationship 
between different series during the convergence process and thus allows us to know 
more about the convergence dynamics. The time-varying parameters model is 
specified in the following: 
{ I n x = + (4.4) 
= + (4.5) 
= (4-6) 
where ，y^^ , and y^ are per capita real GDP of country “/，，at time t, per capita 
real GDP of the US at time t, and the OECD mean of the per capita real GDP at time 
t, respectively. The two parameters ^^{t) and 么(/) denote the time-varying 
parameters at time t. '^o,,-,, Cu (0 and (^ 2’, (0 are error terms which are white noise 
with zero mean and constant variances o•乏。，crj^  and ，respectively. The US is 
selected as the independent variable in the model because it is the growth leader with 
the highest per capita real GDP among the OECD countries in the past few decades. 
If ^2,/ ( 0 tends to one, then the per capita real GDP of country “/’’ converges to that 
of the US. This implies that the income of the country "z" converges to the highest 
income country. If (0 tends to zero, then the per capita real GDP of country 
converges to that of the OECD average. Another criterion for convergence in the 
time-varying parameters model is • � & ( ) tends to a constant (stationary) which 
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implies conditional convergence. Given the two criteria on convergence, we can test 
the hypothesis of income convergence. Equations (4.4) to (4.6) can be estimated by 
the Kalman filter once it is represented in the State Space form. A detailed discussion 
of the Kalman filter and the state space representation of Equations (4.4) to (4.6) is 
given in Appendix I. If countries show a tendency to converge, the STM developed 
by Harvey and Carvalho (2002) can be employed to show explicitly the long-run 
convergence path of each country. 
4.4 Unobserved Components Structural Time Series Models 
on Converging Economy 
After giving evidence on convergence, this thesis provides stylized facts about 
convergence using the model proposed by Harvey and Carvalho (2002). They argue 
that if our interest is to study whether convergence takes place in the long-run, then 
we should consider the long-run trend component of the series rather than the series 
itself. It is because the series itself also contains a short-run transient component. 
This is particularly true for the per capita GDP series, as this series does not only 
contain the long-run growth trend but also business cycle that causes significant 
fluctuation. This might cause distortion in the transition dynamics of convergence. 
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For example, if one country is under economic depression whereas the other one is at 
the peak, then the series can be diverging even if convergence of trend is taking place. 
In order to examine the long-run convergence path, Harvey and Carvalho (2002) 
adopt the UC model by decomposing the series into trend, cycle and irregular terms. 
Their model specification is described as follows: 
y, (4.7) 
where 兄 is a univariate time series, »9, is the trend component (level), is the 
cycle component, is a normally and independently distributed (NID) irregular 
error term with zero mean and variance cr^ . The trend component can be specified as: 
•9, 丨+v,_ i+r,， (4.8) 
V, (4.9) 
where v, is the slope in the trend component, r, and s^ are normally and 
independently distributed (NID) error term with zero mean and variance crj and a l , 
respectively. If <jI is zero, then v, become the coefficient of deterministic time trend. 
Equations (4.8) and (4.9) are known as local linear trend model. This model can be 
modified to obtain a relatively smooth trend by setting crj to zero and it is known as 
smooth trend model. The cycle component can be modeled by a stationary and 
stochastic process which is defined as: 
12 It can be seen that measures the change in the trend component . 
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� r , ] r cosA„ sin;i 
. * + • , (4.10) � cosAJIJV^i�L似,」 
where y: is constructed for computational convenient, A" is the frequency in radians, 
/o is a damping factor and co, and co] are mutually independent Gaussian white 
noise disturbances with zero means and same variance 口二." Combining the trend, 
cycle and irregular terms in additive way gives us Equation (4.7). Based on 
Equations (4.7) to (4.10), Harvey and Carvalho (2002) develop a model to capture 
convergence dynamics. This is done by incorporating an error correction mechanism 
(ECM) into the trend component and is explained in the following paragraph. To 
model the convergence dynamics of per capita real GDP of each country to their 
cross-country average, Equation (4.7) can be generalized to a bivariate smooth trend 
case and the trend can be specified as: 
少 " ‘ （4.11) 
歹,=灵+7,+5， （4.12) 
«9,,=(l — ", )«9,„_,+",Xi+vv,’ （4.13) 
= 0 - ^ K - i + ^.K-i + �7， （4.14) 
^ = (4.15) 
y, (4-16) 
where y., and y, denote, respectively, the series of country ‘‘/，and the mean series. 
13 The specification of the cycle is subject to criticism, such as Box, Jenkins and Reinsel (1994) who 
suggest that economic data do not have a cycle with fix period, for example, business cycle. This 
approach is still considered in the thesis because it provides a framework for studying convergence 
dynamics. 
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and 3, are the trend component of country “/，and the mean series, respectively. 
厂,.，and are the cycle component of country “/，and the mean series, respectively. 
v., and V, denote, respectively, the slope in the trend component and the mean series. 
gi,，g,，£*" and s, are the disturbance terms. The specification of Equations (4.11) to 
(4.16) implies that the trend of y., depends on y,. As mentioned by Harvey and 
Carvalho (2002), the ECM specified in the following equations implies the trend of 
y“ converges to that of y, in the long-run. Thus, the trend of y, can be thought as 
the long-run trend of y , . Deducting «9,_i and from both sides of Equations (4.13) 
and (4.14), respectively, and the trend components of y^ become: 
么 礼 广 、 丨 ( 4 . 1 7 ) 
Av, + (4.18) 
It can be seen that the changes in the level and the slope of the trend of country "/" 
depend on its deviation from the mean series in the last period. Another advantage of 
using this specification is that the convergence component of country " f can be 
extracted easily. The convergence component is defined as the deviation of trend of 
country "z" from its long-run trend, which is the trend of the mean series. Deducting 
i9, from i9, and v, from v,, the convergence component of country "/" is defined as: 
& : = & � ~ ^ � (4.19) 
v : = v , _ K ’ (4.20) 
using Equations (4.15) to (4.16), Equations (4.19) and (4.20) become: 
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•9：=(11)«9二丨+心丨， （4.21) 
卜丨+‘， (4-22) 
where 77, measures the speed of convergence of country ‘‘/，’ to the mean level. If 
77, = 0 , then country "/" is not converging to the mean series. To allow for 
conditional convergence, an intercept term can be incorporated in Equation (4.7) and 
it becomes: 
兄,=双,+«9,,+,"+。 (4.23) 
where ；r,. is the permanent gap between country "z" and the mean series. This means 
that if the country has converged, the growth rate between country " f and the mean 
series will be the same but the level will not. Alternatively, Equation (4.7) assumes 
absolute convergence if no intercept term is included. The STM of Equations (4.11) 
to (4.16) can be estimated by the Kalman Filter once it is put in the State Space Form. 
Note that the unobserved trend component «9"，�9,, v., and v, in Equations (4.11) to 
(4.16) are non-stationary from its specification. Therefore, these variables do not 
have a proper distribution to specify the initial value. This problem is also mentioned 
in Hamilton (1994a). In view of the problem, the trend components in Equations 
(4.11) to (4.16) are estimated using the Diffuse Kalman Filter (DFK) proposed by De 
Jong (1991) and De Jong and Chu-Chun-Lin (1994). They assume the initial value of 
the unobserved component as a random vector with infinite variance. After 
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estimating the DKF, the smoothed inference of DKF can be obtained according to De 
Jong and Chu-Chun-Lin (2003). 
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CHAPTER FIVE 
ESTIMATION RESULTS 
This Chapter presents the estimation results obtained by using the four 
approaches discussed in the previous Chapter. 
5.1 Cross-Section Dispersion of Per Capita Real Income 
The estimated coefficient of variation across the 17 OECD countries from 1870 
to 2001 is plotted in Figure 4. The shaded regions denote WWI (1914-1918) and 
WWII (1939-1945), respectively. The vertical solid line denotes the year of the 
establishment of the OECD (1961) and the vertical dashed line denotes the year that 
all countries in the sample become members of the OECD (1973). ！斗 Table 1 shows 
the period mean of the estimated coefficient of variation. 
The ordinary least square (OLS) fitted time trend in Figure 4 suggests that the 
income dispersion is decreasing overtime. The estimated coefficient of variation in 
Table 1 shows that it decreased from 0.37 to 0.31 in the period 1880-1915. This 
result indicates that income across countries converged at a slow rate in the period 
14 The years that the sample countries entered the OECD are shown at Appendix II. 
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1880-1915. There was a slight increase in the income dispersion in WWI from 0.31 
to 0.34 but it decreased immediately after the war. It continued to decrease during the 
period of the Great Depression with a mean of 0.25 during the period of 1936-1940. 
In the period of WWII, the coefficient of variation increased significantly to 0.43. 
Nonetheless, it decreased substantially at an unprecedented rate after the WWII 
period. The decreasing trend continued in the period of 1945-1982. Figure 4 shows 
that the declining rate of coefficient of variation is highest in the period of 1945-1972. 
The coefficient of variation declined from 0.4 to 0.15 during this period, in which 
events such as the set up of the Organization for European Economic Co-operation 
(OEEC) in 1948 and the OECD in 1961 occurred. The declining rate became lower 
in the period of 1973-1982 with the breakdown of the Bretton Wood system in 1973 
and the oil crises in 1973 and 1979-1980 occurred. The coefficient of variation 
stopped declining in 1982 and remained constant at 0.12 afterwards. This result 
suggests that the countries in the sample converged with a constant deviation since 
1982, which is consistent with the transition dynamics of the conditional 
convergence hypothesis.'^ 
The coefficient of variation can also be used to examine the effect of joining the 
OECD on income convergence. If the convergence policies suggested by the OECD 
15 The neoclassical growth models suggest that the speed of convergence is inversely related to its 
distance from the steady state. See Chapter 2 of Barro and Sala-i-Martin (2003) for details. 
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are effective, then the speed of convergence increases and the coefficient of variation 
decreases at a higher rate over time. As discussed previously, the coefficient of 
variation declined substantially after WWII (1945)，but the declining speed did not 
accelerate distinctly after the establishment of the OEEC in 1948 and the OECD in 
1961. It even became slower after 1973 when all 17 sample countries became 
members of the OECD. The effect of joining the OECD on convergence is not 
obvious. 
The coefficient of variation sheds light on the income convergence dynamics of 
the whole sample group. Firstly, this result shows that income convergence is not a 
temporary event during the post-WWII period of 1950-1975. This occurs as early as 
1880 in the sample countries. Secondly, although there is a consistent diminution in 
income dispersion in the sample period, the diminution speed is different between the 
pre-WWI period and the post-WWII period. Thirdly, the coefficient of variation 
increases sharply during WWI and WWII, suggesting political instability as the 
major obstacle in income convergence. Nevertheless, the divergence of income due 
to political instability is not permanent and the income gap between countries is 
eliminated quickly after the wars. Fourthly, the sample group of countries show signs 
of conditional convergence since 1982 which implies the existence of a constant 
16 It, is possible that the increase in the speed of convergence due to joining OECD is offset by the 
decrease in the speed of convergence because the country is approaching to its steady state. 
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deviation of income level among countries. The results of coefficient of variation 
give preliminary evidence on the convergence of the per capita real income across 
the 17 OECD countries. As indicated in the previous chapter, the coefficient of 
variation only shows the behavior of the whole group but not of each individual 
country, it is possible that some countries are converging while others are not. To 
provide evidence on the convergence of individual countries, the results of the LM 
unit root tests for stochastic convergence are presented in the next section. 
5.2 Stochastic Convergence of the 17 OECD Countries 
In this section, we give evidence on convergence in the long-run by testing 
stochastic convergence on the 17 OECD countries. Table 2 shows the unit root test 
results of stochastic convergence on the 17 OECD countries using the approach of 
Strazicich, Lee and Day (2004) on testing unit root. The number of augmentation 
terms k in Equation (4.3) is determined according to the "general to specific" 
procedure of Perron (1989) and Ng and Perron (1995). This procedure begins with a 
maximum number of k，say, k * and examines if the k *"' term of the augmented 
term is significantly different from zero at the 10% level. If this term is insignificant, 
it is dropped. Then the model is re-estimated with k*-\ terms and so on until either 
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the last term is significant or A; = 0 . The critical values of the LM unit root tests with 
the presence of level and trend shifts are shown in Table 3. To visualize the identified 
break points, the fitted trends of all sample countries with breaks using OLS are 
plotted in Figure 5. 
The null of unit root can be rejected at the 10% significance level for all 
countries except Australia, Italy, New Zealand and the UK. The estimation results 
conclude that all countries except these four converge to the average of the 17 OECD 
countries in the long-run. These results are consistent with the results of Strazicich, 
Lee and Day (2004) who study income convergence of 15 OECD countries from 
1870 to 1994 using the two-break LM unit root test. Their results cannot provide 
evidence on income convergence for Australia, Italy, New Zealand, Sweden and the 
UK. These results show that the evidence on convergence is stronger when the 
sample period is extended. However, the results in this thesis are against the results 
of Fleissig and Strauss (2001) who cannot provide evidence for the 15 OECD 
countries in the period of 1900-1987 using panel unit root test. These results 
emphasize the need of allowing structural breaks in examining the long-run 
convergence. There are differences in the identified break points between this thesis 
and the results of Strazicich, Lee and Day (2004). Their results find that Denmark 
has breaks in 1888 and 1938, Finland has breaks in 1926 and 1978, Sweden has 
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breaks in 1909 and 1943, the UK has breaks in 1938 and 1953 and the US has breaks 
in 1937 and 1955. The identified break years of Australia, Austria, Germany, the 
Netherlands and Norway in this thesis are different from that of Strazicich, Lee and 
Day (2004) within 4 years. The identified break years for the rest of the countries are 
the same between this thesis and their work. This reflects that the choice of different 
sample countries can affect the identified break years. 
Twelve out of the 17 OECD countries including Australia, Austria, Belgium, 
Canada, Finland, France, Germany, Japan, the Netherlands, Sweden, Switzerland and 
the UK have identified break around the WWII period of 1938-1948. This result 
suggests that WWII is the major source of structural change in the convergence 
process. The impact of WWI is less significant, only three countries including 
Canada, Norway and Sweden have identified break in the period of 1915-1917. The 
implication for the existence of structural break is that political instability, which 
leads to physical and human capital destruction, reduction of world trade and 
changes of saving behavior, alters the time path of relative income and hence affects 
the convergence process significantly. This result is consistent with the coefficient of 
variation test that wars are the major source of intervention on income convergence. 
The rejection of the null of unit root test provides evidence on income 
convergence in the long-run. This is congruous to the coefficient of variation test that 
- 45 -
income convergence took place before WWI and it is not a temporary event. The 
implication of the unit root test results is that country-specific shocks, for example, 
technology innovation, will not result in permanent deviation from the whole group 
because of technology spillover. These results also show that countries with a low 
initial position such as Finland and Japan converge to other countries in the long-run 
and reject the divergence implications of endogenous growth model. Shocks such as 
the breakdown of the Bretton Wood system and oil crises would not lead to 
divergence in the long-run. However, it should be noted that the stochastic 
convergence test does not provide evidence on convergence for all countries. This 
test does not provide evidence on the long-run convergence for Australia, Italy, New 
Zealand and the UK. However, one interesting observation of the stochastic 
convergence test result is made. Australia, New Zealand and the UK have the highest 
per-capita income at the beginning of the sample period as shown in Figure 3. This 
suggests that countries that cannot maintain the leading position over time tend to 
provide less evidence on convergence. Brezis, Krugman and Tsiddon (1993) provide 
a theoretical explanation for this scenario. They suggest that the leading position of 
technology gives rise to relatively high wages in an economy and high wages deter 
the leading country from switching to sectors with a higher productivity. For example, 
Maddison (1991) notes that the overvaluation of the exchange rate in the UK 
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prevents it from adopting new technology. This is also the case for Australia and 
New Zealand. They enjoyed a high level of per capita real GDP in the earlier period 
because of their natural resources advantage instead of high level of investment and 
technological achievement. 
Failure to provide evidence on the long-run convergence does not imply 
divergence. As noted previously, it is possible that the economy is still in the process 
of convergence. To account for this possibility, the time-varying parameters model is 
used to examine the dynamics of each country in relation to the OECD average and 
that of the US. 
5.3 Time-Varying Parameters Model on Convergence 
After giving evidence on the long-run convergence, this section provides 
evidence on the convergence dynamics. As discussed above, the time-varying 
parameters model considers structural changes by allowing the structural parameters 
to change overtime. This model does not suffer from the restriction of stability in the 
time series distribution as in the case of the unit root test. The results of time-varying 
parameters model on convergence in Equation (4.4) are discussed in this section. If 
•�人 t ) is constant and 么 , • � approaches to zero in Equation (4.4)，then the per capita 
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real GDP of country "/" converges to that of the OECD average. If . {t) is constant 
and ^2,/ ( 0 approaches to one in Equation (4.4), then the per capita real GDP of 
country converges to that of the US. This implies that the income of the country 
A A 
‘‘/’’ converges to the richest country. The estimation results of ( 0 and . (/) of 
Equation (4.4) are plotted in Figures 6 and 7, respectively. The selected years of 
these estimates are also shown in Tables 4 and 5, respectively. 
The estimation results reveal the dynamics that cannot be shown in the unit root 
test. To check whether or not a country has converged, is converging or has diverged 
from the OECD mean, the estimation results of the last 10 years are examined. This 
is because the magnitude of the coefficient for the last 10 years provides information 
about the dynamics of the most recent years. Figure 6 shows that all of the estimated 
A 
. ( 0 are moving towards zero and become stable in the last 10 years of the sample. 
f\ 
Table 4 shows that the estimated (t) of Austria, Belgium, Canada, Denmark, 
France, Germany, Italy, the Netherlands, Norway, Sweden and the UK have a 
A 
fluctuation less than 0.05 in the period 1991-2001. The estimated , ( 0 of Australia, 
Finland, Japan, New Zealand and Switzerland have a fluctuation less than 0.1. This 
result suggests that all countries show a pattern of constant deviation from the OECD 
average at the end of the sample, thus implying conditional convergence. This result 
also reveals that all countries are at the convergence frontier which is close to the 
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steady state level. 
/s 
Figure 7 shows that most of the estimated 么,(0 except Canada, France, 
Norway, Sweden and Switzerland have values which are converging to zero. In Table 
A 
5, the estimated 么,(/) of Australia, Denmark, Finland, Germany, Italy, New Zealand 
and the UK are less than or equal to the absolute value of 0.1. This result indicates 
that these countries have converged to the mean of the 17 OECD countries. Austria, 
Belgium, Japan and the Netherlands have . {t) larger than the absolute value of 0.1 
but show a slow converging trend towards zero since 1970. This result implies these 
countries are converging to the OECD average. Canada shows a persistently strong 
A 
relationship with the US. It has (j)^ . (t) close to 0.4 since WWII, reflecting that the 
economic performance of Canada is closely related to that of the US. On the other 
A 
hand, the estimated 么 ( t ) of France show signs of convergence towards zero from 
1960 to 1980 but it diverges and remains close to -0.4 at the end of the sample. 
Norway, Sweden and Switzerland have (0 close to zero in the early 1970s but 
A 
deviate afterwards. Norway has . {t) around 0.3 at the end of sample, which 
reflects its relatively strong growth in recent years and is catching up with the US. 
Sweden and Switzerland have a decreasing . {t) after 1970s. The estimated value 
of 式’,(/) of Sweden and Switzerland are -0.15 and -0.35 at the end of the sample, 
respectively. This suggests that these two countries show signs of divergence at the 
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A /V 
end of the sample. The estimation results of 於 ( t ) and 入 ( ? ) suggest that Australia, 
Denmark, Finland, Germany, Italy, New Zealand and the UK have converged to the 
OECD mean at the end of sample while other countries are still in the process of 
convergence. This result provides evidence against the convergence theory in lines 
with the view that countries are converging to the current technology leader the US 
as none of the estimated values of 务•^人t) are close to one. This result implies that 
technology spillover from the technology leader is only one of those convergence 
sources and does not account for the whole convergence dynamics. 
The result of the time varying parameters model provides different conclusion 
from that of the unit root test. This result shows that Australia, Italy, New Zealand 
and the UK are indeed converged to the OECD average. Figures 6 and 7 indicate that 
Australia has converged to the OECD mean since 1960, while Italy, New Zealand 
and the UK have converged in the period of 1985-1990. This result highlights the 
need to address the convergence process in examining convergence and provides the 
dynamics that cannot be observed from the unit root test. Figure 7 shows that 
convergence is not a smooth process, for example, France and Switzerland show 
signs of divergence in the recent period whereas the UK shows a divergence pattern 
until 1970 and converges to the OECD average subsequently. The estimated 
A 
coefficients of ^2., ( 0 also evolve significantly in response to global shocks and 
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country-specific shocks. Global shocks include the impact of WWI and WWII and 
A 
these shocks leads to an increased volatility in the estimated coefficients of (f)^  ^ ( /) . 
Country-specific shocks include economic recession, technological progress and 
discovery of natural resources that occurred in an individual country. Australia and 
New Zealand, which did not participate in WWI and WWII, shows steady but slow 
convergence trends since the recession in 1890 and 1880，respectively. The UK, 
which lost its leadership position around 1890，shows signs of slow divergence in the 
period of 1890-1970. The increasing value of ^^ i (0 of Norway in recent periods 
corresponds to the discovery of oil fields and its subsequent economic boom. The 
A 
high value of ••^  人t) of Japan in the 1970s indicates its leadership position in 
manufacturing technology. It can be seen that although country-specific shocks in a 
particular country lead to an increased fluctuation of 入 { t ) and hence a temporary 
A 
divergence from the OECD average, the values of (0 still show a tendency of 
moving towards zero in the whole sample. This implies that country-specific shocks 
are eliminated gradually overtime and do not result in persistent deviation. 
A 
The estimated values of 么 ( / ) also allow us to identify countries with a similar 
convergence process. Austria, Germany and Italy show a group of similar values of 
/V 
^2./ (0 • Another group includes Belgium, Demark, France and the Netherlands. 
Canada and the US also show a stable convergence relationship. These results 
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suggest that geographical factors which affect cultural experience trade relation and 
institutional factors of a country would also affect its convergence process. 
The estimation result of 么 ( t ) can also be used to examine the effect of joining 
the OECD on income convergence to individual countries. If the policy 
recommended by the OECD is effective, the values of <f>•^人f) would show a 
relatively smooth trend moving towards zero. It is because an effective policy on 
convergence requires a more efficient elimination of country-specific shocks and 
A 
transmission of productivity gain. Figure 7 shows that the behavior of (0 is not 
consistent with this. The movement of 式 , (0 is as erratic as the pre-1913 period. 
Nonetheless, the results do not imply that the policies of the OECD are ineffective as 
most of them are regarding trade liberalization and technology diffusion which are 
the necessary conditions for convergence. These conditions may have existed before 
the establishment of the OECD. For example, the UK and the US maintained a high 
degree of openness throughout the whole sample period. Maddison (1991) also 
mentions that countries like Germany, the UK and the US have a relatively high level 
of education before WWII. 
This section shows that the convergence process occurred in all countries 
within the sample period even though the process is not smooth. The results of this 
section suggest that all countries converge in the long-run despite temporary 
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divergence due to country-specific shocks. Given the evidence on convergence, it is 
of interest to know the rate of convergence of an individual country. To give a clear 
long-run convergence path of an individual country, the unobserved components 
STM on converging economy developed by Harvey and Carvalho (2002) is used in 
the following section. 
5. 4 Unobserved Components Structural Time Series Models 
on Converging Economy 
As shown in the sections above, all countries show patterns of convergence. 
To extract the convergence components and show the long-run convergence path, the 
STM of Equations (4.11) to (4.16) is estimated. The smoothed inferences of the 
convergence components of absolute convergence with no intercept are shown in 
Figure 8.口 The parameters that measure the speed of convergence of each country 
are shown in Table 6. Figure 8 shows that Norway and New Zealand do not have a 
tendency to converge at the end of the sample while the US shows a constant 
deviation from zero. This figure suggests that the US might exhibit conditional 
convergence. Table 6 shows that France, Germany and the Netherlands have the 
17 As indicated in the appendix of Harvey and Carvalho (2002), if the speed of adjustment is close to 
zero, then the intercept becomes large. Their argument is consistent with the estimation result in this 
thesis. The estimated intercept terms of some countries are unusually large. As a result, the model 
with intercept term is not considered in this thesis. 
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fastest speed of convergence at tJ, = 0.227, 0.411 and 0.151，respectively. Five 
countries including Finland, Norway, Switzerland, the UK and the US have a speed 
of convergence smaller than 0.05 which indicates lack of convergence. 
It can be seen that the smoothed estimates of the convergence components of 
France, Germany and the Netherlands in Figure 8 are not satisfactory. The estimated 
convergence components are not smooth and fail to separate from cyclical and 
irregular components. It might be due to the fact that the significant fluctuations in 
WWI and WWII may have affected the estimation results of trend and cycle given 
the long period of the data. 
In view of the problem in separating trend and cycle, the model is tested 
again using data from 1950 to 2001. The smoothed estimates of the convergence 
components of absolute convergence with no intercept are shown in Figure 9. 
The parameters that measure the speed of convergence of each country are shown in 
Table 6. The estimation results of the convergence components are much smoother 
than the convergence components estimated using the whole sample period and these 
results might indicate that WWI and WWII affect the estimation of cycle 
significantly. Figure 9 also shows that all of the countries except Germany and New 
Zealand have a constant deviation at the end of the sample, which suggests 
conditional convergence. The convergence component of Germany has diverged 
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slightly from the OECD mean since 1990. This might be due to the re-unification of 
Germany in 1990 which had an adverse effect on the economic growth. For New 
Zealand, its convergence component shows a steadily decreasing trend, which 
suggests no convergence has taken place. The extracted convergence component of 
New Zealand indicates that its convergence pattern towards the end of the sample 
period may reflect only the strong recovery of New Zealand's economy in that period. 
These estimation results, which have removed the cyclical movements, are different 
from the results of the time-varying parameters model in the previous section. On the 
other hand. Table 6 shows that the estimated speeds of convergence are generally 
higher than that of using the full sample period for all countries except Belgium, 
Canada, Germany, New Zealand, the UK and the US. 
The estimation results indicate that the Netherlands has the highest speed of 
convergence, with 77.= 0.554. The high speed of convergence of the Netherlands may 
be attributed to its high exposure to foreign trade, as argued by Bassanini and 
Scarpetta (2001) that the high trade exposure of the Netherlands helps explain its 
income growth in the period of 1970-1990. In contrast, New Zealand, the UK and 
the US have speeds of convergence smaller than 0.05，suggesting a lack of 
convergence. The low speed of convergence of New Zealand reflects the adverse 
effect of its trade protectionism policy. Greasley and Oxley (2000) mention that the 
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New Zealand government's support on trade protectionism from WWII to the late 
1980s led to inefficient uses of resources. This policy also prevented New Zealand 
from enjoying the benefits of specialization and technology diffusion, and hence 
hindered its income growth and convergence. The slightly negative estimated speed 
of convergence for the UK suggests no convergence, in light of Harvey and Carvalho 
(2002) who note that negative speeds of convergence should be set to zero. This 
result is likely to be caused by the lack of convergence of the UK until 1970. On the 
other hand, Figure 9 shows that the US has displayed a constant deviation from the 
mean income of the OECD since 1970, suggesting the possibility of a conditional 
convergence. 
It is noteworthy that the estimated speed of convergence of Germany 
decreases sharply from 0.411 to 0.079 when the sub-sample period is used. This is 
attributable to the mass destruction of Germany economy during WWII. As shown in 
Figure 8, WWII has a devastating impact on Germany economy and the income of 
Germany is considerably below the OECD mean at the end of WWII. Unlike France, 
who also experiences severe depression during WWII but manages to catch-up with 
the average income level of the OECD quickly after the war, the income gap between 
Germany and the average of the OECD cannot be eliminated until 1960, thus 
indicating a slow speed of convergence. This finding is consistent with the unit root 
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test results in which Germany has identified breaks in 1943 and 1956. 
The estimation results in this thesis provide evidence on the long-run 
convergence for the OECD countries. These results also show that countries that fail 
to provide evidence on the long-run convergence are in the process of convergence. 
The conditions that allow convergence to take place include technology diffusion, 
physical investment, education, and trade. These can also account for the obvious 
difference in the speed of diminution of coefficient of variation between the period of 
1870-1938 and 1950-1982. 
The long-run growth rate of an economy is determined by its technology level. 
Barro and Sala-i-Martin (1997) show that theoretically, lagging countries can raise 
their growth rates through an imitation of the technology of leading countries, known 
as "advantage of backward countries". Diffiision of technology leads to an income 
convergence. Abramovitz and David (1996) provide an extensive discussion on the 
issue of convergence and technology catch-up of the OECD countries throughout the 
19th and 20th centuries. They argue that the nature of technology affects the degree of 
technology diffusion. In the pre-WWI period, the natural-resources of the country 
and the capital intensive nature of technology, together with the implementation of 
mass production in the US, tends to make it hard for European firms to follow. This 
view is also highlighted by Nelson (1991) who suggests that it would be very costly 
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and time-consuming for European firms to adopt these leading technologies due to 
constraints such as limited market demand and lack of natural resources, thus 
hindering the convergence process. In contrast, Abramovitz and David (1996) 
suggest that technology after WWII becomes more knowledge-based and intangible. 
This poses less constraint on technology spillover as technology can be developed 
and acquired through investment in education and R&D. Furthermore, the cost of 
spillover is also lowered in the post-WWII period. Nelson (1991) mentions that 
technological knowledge is more easily accessible in the post-WWII period because 
of the emergence of multinational corporations and the improvement of 
communication technology. Despite the nature of technology, Maddison (1991) also 
attributes the declining technology gap from 1948 to 1952 to the Marshall Aid Plan. 
The role of investment is also very important to income convergence. Solow 
(1956) suggests that income convergence is a result of the convergence of per capita 
capital. The post WWII reconstruction also plays a prominent role in income 
convergence. This event induces large capital investment and raises labor 
productivity. Barro (1997) notes that the effect of physical investment on economic 
growth is more forceful when an economy is suffered from war destruction. Wolff 
(1991) empirically shows that the convergence in rich countries is associated with 
convergence in capital-labor ratio after 1950. Jones (1995) also finds that most of the 
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OECD countries have an increasing durable investment as a share of GDP since 1950. 
Maddison (1991) also notes that the Marshall plan greatly eased the post-WWII 
reconstruction by providing financial support. This suggests that capital investment is 
an important factor of convergence. 
Education, which is a direct measure of human capital, also serves as an 
important factor of convergence. Tamura (1991) attributes the spillover of knowledge 
through learning to income convergence. In addition, Ortigueira and Santos (1997) 
mention that it raises the productivity of labor and facilitates technology diffiision. 
This allows for a more efficient technology spillover and hence accelerates 
convergence. Wolff (2000) shows that the convergence of productivity coincided 
with the convergence of education level in 24 OECD countries from 1950 to 1990. 
O'Neill (1995) provides evidence for this argument. They show that income 
convergence among developed countries in the period of 1970-1985 is attributable to 
education. 
The degree of openness also influences income convergence. Ben-David and 
Loewy (1998) theoretically show that trade enhances diffusion of technology and 
knowledge among countries, thus resulting in convergence. It is because the market 
becomes more competitive when there are foreign participants; hence the need to 
incorporate foreign knowledge becomes greater. Ben-David (1993) provides 
- 5 9 -
evidence for this view by showing that income convergence is closely related to trade 
liberalization. He also mentions that convergence among the OECD countries in the 
post-WWII period is consistent with the establishment of the OEEC in 1948 which 
aimed to promote free trade. Maddison (1991) also shows that the reduction of tariffs 
and abolition of trade restrictions in the European Free Trade Agreement (EFTA) and 
the General Agreement on Tariffs and Trade (GATT) resulted in a sevenfold increase 
in export volume among the OECD countries from 1950 to 1973. 
While these four identified factors are significant in explaining convergence, it 
should be noted that none of these factors solely explains convergence. Abramovitz 
and David (1996) note that technology catch-up is not a natural result of being 
backward. Indeed, this catch-up depends on social capabilities including investment, 
education, R&D, trade and political structure. Benhabib and Spiegel (1994) give 
empirical evidence that the ability to adopt foreign technologies depends on human 
capital. On top of that, Berthelemy and Varoudakis (1996) provide evidence on the 
complementary effect of factors affecting convergence. They show that investment, 
education and trade interact with each other in the growth process of countries 
worldwide. 
Learning the sources of growth allows an insight into the result of non-
convergence in the long-run as indicated in the unit root test. Bassanini and Scarpetta 
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(2001) provide panel data evidence on the driving forces of economic growth for the 
OECD countries from 1974 to 1997. They find that the growth performances of 
Australia and New Zealand are hindered by their relatively low exposure to foreign 
trade. The low exposure in trade may result in the lack of competitiveness and hence 
fail to produce according to its comparative advantage. It also hinders the adoption of 
foreign technology in the economy, thereby weakening the convergence process. 
Bassanini and Scarpetta (2001) also show that Italy has the lowest level of education 
and R&D activities within the 17 OECD countries. This has a detrimental effect on 
growth and adversely affects the process of technology and knowledge diffusion, 
especially in the era of a knowledge-based economy. This result again highlights the 
complementary nature of physical investment, human capital, trade and technological 
achievement in the convergence process. 
The policy implications of income convergence are important to the 
development and welfare of an economy. Regarding the development, a country can 
only promote long run growth by encouraging technology innovation and education. 
Any attempt to raise economic growth such as increasing savings is doomed to fail 
because this policy can only have a temporary effect. For example, Rebelo (1991) 
suggests that tax policies and property rights enforcement can alter an economy's 
growth path permanently. However, given the evidence of long-run convergence, 
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growth policies can only have a temporary effect. The result of the long-run 
convergence also provides a general blueprint of the economic development process. 
In the context of the Solow growth model, a country that is very poor at the initial 
stage should pursue policies to stimulate savings and investment. This includes 
providing tax incentives, developing an efficient financial market and enforcing 
property rights. Given the complementary nature of physical capital and human 
capital as noted by Lau (1996)，a country should also improve its education. It is 
because policies that simultaneously induce investments in physical capital and 
intangible capital are more productive than policies that only focus on either one. 
When there is an efficient financial market, a high level of capital goods, and a high 
level of education, a country can enhance its convergence with other countries by 
opening its market. This policy allows the flows of foreign goods and investments 
and facilitates technology spillover. This development strategy is similar to the 
growth experience of Japan. For countries that are close to the steady state, which is 
the case for most of the OECD countries in the sample, its governments should focus 
on policies that enhance technology innovation and spillover. Education policies 
should be aimed at training scientists and engineers. Business regulations and market 
structure should facilitate firm competition and innovation. Tax incentives should be 
given to R&D. The experience of Australia and New Zealand suggests that an 
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economy should remain open to take advantage of imitating foreign innovation. 
Turning to the welfare aspect, the convergence of income has significant 
implications on health level, illegal immigration and political freedom. Clearly, the 
demand for health level is related to income. Convergence in income implies that 
health expenditure would also show a tendency of convergence among countries. 
Talents may emigrate if a country has a poor health infrastructure even if real income 
is high. For illegal immigrants, this problem exists because there is an income gap 
between countries. People may migrate to the rich country in hope of earning higher 
incomes. However, illegal immigrants usually pose significant social welfare burdens 
to the economy in terms of financial assistance and social security. The results 
suggest that one long-term solution to illegal immigration is to enhance income 
convergence between countries. The incentive to migrate will be lower if the income 
gap between countries become smaller. On the other hand, income is also closely 
related to political freedom. Higher income usually induces a higher demand for 
democracy as shown by Barro (1999). As a result, income convergence will result in 
political freedom convergence. This result depicts the development of the political 
institution. Governments should allow a higher degree of democracy in the 
convergence process to avoid loss of talent and social instability. 
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CHAPTER SIX 
CONCLUSIONS 
This thesis studies convergence of per capita real income using a sample of 
17 OECD countries from 1870 to 2001. The LM unit root tests with the presence of 
up to two breaks of stochastic convergence provide evidence on the long-run 
convergence for all countries except Australia, Italy, New Zealand and the US. By 
using a longer sample period, this thesis provides more evidence on income 
convergence than the work of Strazicich, Lee and Day (2004). This thesis is able to 
provide evidence on convergence for Sweden where convergence is rejected by 
Strazicich, Lee and Day (2004). The major source of structural break is WWII and it 
is identified in 12 out of the 17 OECD countries. 
Using the Kalman filter, the time-varying parameters model shows the 
convergence dynamics of each country to the OECD mean and the US. These results 
show that Australia, Italy, New Zealand and the UK have converged to the OECD 
mean towards the end of the sample period. All of the 17 OECD countries are close 
to their steady state level. These estimation results are different from the unit root 
tests of stochastic convergence. They highlight the weakness of unit root tests in 
examining a series that is still in the process of convergence. These results also 
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suggest that none of the sample countries converge to the US which is the technology 
leader. These results also show that the effect of joining OECD on income 
convergence is not significant. On the other hand, the STM proposed by Harvey and 
Carvalho (2002) provides a clear long-run convergence path that is separate from the 
cyclical movement. This result provides no evidence on income convergence for 
New Zealand. 
This thesis provides evidence on convergence for most of the OECD countries 
and supports the policy implications of the convergence models on the income 
growth process such as Tamura (1991) and Barro and Sala-i-Martin (1997). These 
models suggest that a country cannot stimulate long-run growth rate through taxation. 
The long-run growth rate can only be promoted by technology and education. 
Technology diffusion, education, trade and investment play a significant role in the 
convergence process and have complementary effects on convergence. The process 
of convergence may be hindered if any of these factors are not met. On the other 
hand, economies with different growth phases should adopt different policies. These 
findings suggest that the sample countries are close to their steady state level and 
therefore should adopt policies that enhance technology innovation and diffusion. To 
ensure the stability of the convergence process, government should ensure political 
stability and avoid the outbreak of war. 
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Future studies can generalize the time-varying parameters model to study a 
wider range of sample countries including developing countries and developed 
countries when the available sample period becomes longer. This model will provide 
a convenient framework for identifying a convergence clubs, if any. For example, 
countries belonging to the same convergence club should have similar estimates on 
the structural coefficients. The knowledge of convergence clubs allows us to examine 
their common characteristics and hence identify policies to promote income growth 
and convergence. 
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APENDIXI 
KALMAN FILTER AND STATE SPACE REPRESENTATION 
OF EQUATIONS (4.4) TO (4.6) 
According to Hamilton (1994b) and using his notations, if a nx\ vector of 
variables y, observed at date t is described in terms of a r x 1 potential unobserved 
v e c t o r � w h i c h is known as the state vector, the state space representation of 乂 can 
be expressed as the following system of equations: 
� + i = F � + m , +丨， （Al.l) 
y, =A'x,+H'l+w,, (A1.2) 
where F , A' and H are parameter matrices of dimension ( r x r ) , {nxk), and 
( « X r ), respectively, and x, is a ( A: x 1 ) vector of predetermined or exogenous 
variables. Equations (Al . l ) and (A 1.2) are known as the state equation and the 
observation equation respectively. The ( r x l ) vector m, and the ( « x 1) vector w, are 
vectors of white noise: 
五(m 爪 … (A1.3) 
‘ [0 otherwise, 
. \ R t = T (A1.4) 
= ， 
[0 otherwise 
where Q and R are matrices of rank ( r x r ) and {nxn ) respectively. The 
disturbances w, and w, are assumed to be uncorrelated at all lags: 
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E{m,w\) = 0 for all / and r . (A1.5) 
The Kalman filter is a general algorithm for calculating the sequence of the 
unobserved vector “丨,.This is done by using the well-known properties of a joint 
normal distribution, for example, Greene (2003，p.872). Suppose y, and《，are 
jointly conditional normal based on present exogenous variables and past 
information, then using the properties of partitioned matrix, the optimal forecast of 
� c o n d i t i o n a l on 兄 is: 
i .=么1,_1 + (Al-6) 
the corresponding mean squared error of ^，which is denoted by 户小，can be shown 
as: 
=尸小_1 一 + 幻-1 付,� , -1 • (A1.7) 
So the forecast of from Equation (Al . l ) is: 
=F-E{^,\Y,) + E{mjY, ) = F l ^ , + 0 . (A1.8) 
and the corresponding MSE of this forecast is: 
- f i 丨 肌 - F i � � y ] = F P , ' + Q . (A1.9) 
Hamilton (1994b) notes that Equation (A1.8) gives the optimal forecast if m, and w, 
are normally distributed. If m, and w, are not normally distributed, Equation (A 1.8) 
gives the forecast with the smallest mean squared error among all linear forecast. 
This result is parallel to the Gauss-Markov theorem for ordinary least squares 
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A 
regression. The recursion starts from ‘和 which denotes the conditional forecast of 
based on no observation of y and x . It is only the unconditional mean of : 
‘ = 尉 G ， （Al.lO) 
with the corresponding mean squared error: 
(A1.11) 
To use the Kalman filter, the parameters of the covariance matrix Q and R need to 
be estimated. It can be estimated using maximum likelihood by specifying in terms 
of one-step ahead prediction error. The likelihood function is: 
NT 1 T 1 ^ . . , (A1.12) 
To estimate the unobserved component of 於(/) and 么(t) in Equations (4.4) to 
(4.6), the Kalman filter algorithm is used and its corresponding state space 
representation is: 
{In-In>；„}=[! { i n歹 , - I n � : , ' ( ( ' , ) ) + 4 " � , ( 0， （A1.13) 
卜(0] 一 [1 0]卜’,(卜 1)] [(1’,(0] 
> 2 . ( 0 J [0 i J IA '(卜 i ) J I A , . � j ， 、 • 
where Equations (A1.13) and (A 1.14) are the observation equation and state equation, 
respectively. 
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Source: Scarpetta (2003), p.2. 
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COEFFICIENT OF VARIATION OF THE PER CAPITA REAL GDP OF 17 OECD 
COUNTRIES 
Period Mean Standard Deviation 
1870-1875 0.370 0.014 
1 8 7 6 - 1 8 8 0 0 . 3 9 6 0 . 0 1 6 
1881-1885 0.385 0.012 
1886-1890 0.374 0.011 
1891-1895 0.337 0.020 
1896-1900 0.324 0.004 
1901-1905 0.328 0.005 
1906-1910 0.324 0.013 
1911-1915 0.313 0.007 
1916-1920 0.342 0.021 
1921-1925 0.307 0.010 
1926-1930 0.290 0.010 
1931-1935 0.262 0.008 
1936-1940 0.247 0.014 
1941-1945 0.427 0.092 
1946-1950 0.398 0.044 
1951-1955 0.318 0.017 
1956-1960 0.270 0.017 
1961-1965 0.225 0.008 
1966-1970 0.190 0.017 
1971-1975 0.153 0.014 
1976-1980 0.128 0.005 
1981-1985 0.116 0.007 
1986-1990 0.118 0.002 
1991-1995 0.121 0.003 
1996-2001 0.123 0.002 
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ESTIMATION RESULTS OF UNOBSERVED COMPONENTS MODEL 
Speed of Convergence 
Country 1870-2001 1950-2001 
Australia 0.077 0.166 
Austria 0.061 0.070 
Belgium 0.165 0.111 
Canada 0.144 0.142 
Denmark 0.088 0.192 
Finland 0.039 0.060 
France 0.227 0.256 
Germany 0.411 0.079 
Italy 0.055 0.079 
Japan 0.059 0.101 
Netherlands 0.151 0.554 
New Zealand 0.078 0.002 
Norway 0.031 0.043 
Sweden 0.064 0.095 
Switzerland 0.042 0.061 
UK 0.049 -0.006 
US 0.035 0.017 
- 9 4 -
. . . . . . . . . .々 .翻 
. • . . . . . . . . . -
. . . . 、：:， ‘ ：，吻 
. . . . : : � ’ • _ " ri ..s 
• . . . . . . tV 
V； ： ：、 两 
. , 、 . . . 、 . . . : : • • • 铃 
. . . ‘ � . . . 
.. > 
r 0 , 
- . •- ‘.卞 
• . , ‘： . •’ 
. . . • •， 
‘ . . . • • 
. 
C U H K L i b r a r i e s •••III 
004439933 
